ABSTRACT. Genetic diversity of Stipa breviflora populations in the Inner Mongolian grasslands of China and its possible correlation with climatic factors was examined using geographic information systems and random amplified polymorphism DNA analysis. A total of 308 bands were produced with 28 arbitrary decamer oligonucleotide. Three major findings were demonstrated. First, the genetic diversity of S. breviflora was high but lower than that of Stipa grandis and Stipa krylovii. Second, genetic distances between the populations analyzed using the unweighted pair group method and the Mantel test had a highly positive correlation with geographical distances, indicating that spatial separation of this species in the studied area produced genetic shift in the population. Finally, both canonical correspondence and Pearson's analyses revealed strong correlations between genetic differentiation and temperature in the area. We therefore conclude that temperature variations play an important role in genetic differentiations among the investigated S. breviflora populations.
INTRODUCTION
The Eurasian Steppe extends over 8000 km from northeastern China and Mongolia to Russia, Ukraine, and Hungary. Stipa spp are among the most conspicuous plant species throughout this large geographic area (Coupland, 1993) . They constitute zonal vegetation in the Inner Mongolia grassland in the far east of the Eurasian Steppe, where distribution is regulated by temperature and precipitation (Inner Mongolia-Ningxia Joint Inspection Group of Chinese Sciences of Academy, 1985) . The important perennial tussock grass, Stipa breviflora, is a common desert steppe species of central Asia. This nutrient-rich and drought-resistant grass is favored by grazing animals because of its palatability and availability in the early spring. It is also highly tolerant to grazing. As a result, S. breviflora has become a major forage resource in the desert steppe (Commission Editorial of Inner Mongolia Flora, 1994) .
The species is very common in the Inner Mongolia region of China, Mongolia, Russia, Japan, and central Asian countries, where it is found mainly in a continuous zone extending from the southwest to the northeast. This zone stretches from the northwest of Loess Plateau, across the Yinshan Mountains, and to the south of the Inner Mongolia Plateau (Inner Mongolia-Ningxia Joint Inspection Group of Chinese Sciences of Academy, 1985) . S. breviflora in this region constitutes a variety of plant populations. The species can co-dominate with Stipa bungeana in the warm-temperate steppe, Stipa klemenzii in the desert steppe, and Stipa krylovii in the moderate-temperate steppe. Consequently, S. breviflora is characterized by a wide range of ecological adaptations to the diverse environmental conditions found in the zone. Therefore, the evaluation of genetic diversity of S. breviflora populations in relation to climatic factors -mainly temperature and precipitation -is important.
Genetic diversity is a component of biodiversity, which determines species diversity and ecosystem diversity (Millar and Libby, 1991) . Genetic differentiation drives genetic diversity (Schaal et al., 1991) and the relationship between genetic differentiation and environmental factors has been a focus of recent studies (Rossetto et al., 2009; Finger et al., 2010; Santos et al., 2010; Martins et al., 2011) . Random amplified polymorphic DNA (RAPD) markers can cover the total genome of organisms, including coding and noncoding regions, and reflect differences in the whole genome (Garcia et al., 1998) . It has become one of the most popular sequencing techniques (Nybom, 2004) , especially when prior sequence information is unavailable, which is the case for the genus Stipa. This type of molecular marker has been used in a variety of studies, including analyses of genetic diversity and genetic differentiation (Torimaru et al., 2003; Freitas et al., 2008; Ali et al., 2011; Cota et al., 2011) . RAPD has been previously applied in molecular ecological studies of Stipa (Turuspekov et al., 2002; Zhao et al., 2004a; Wang et al., 2006) . We chose to use an RAPD technique as the most appropriate marker system for the examination of genetic diversity of S. breviflora. Spatial variation, population phylogeny, natural selection, and genetic drift can be analyzed by a combination of geographic information system (GIS) technology and molecular marker techniques (Young, 1995) . In rice, the combination of hierarchical cluster analysis with GIS has been demonstrated as a useful tool for the accurate visualization of the spatial distribution of existing genetic diversity within a sample of the germplasm in a given geographic area (Parsons et al., 1999) . Later studies have extended the approach to other species (Adams et al., 2003; Smith et al., 2006) . In this study, we examined the genetic diversity of S. breviflora populations and the role of climatic factors in explaining this diversity at 8 sites in Inner Mongolia using GIS and RAPD-based fingerprinting techniques. Our findings will have important implications for explaining population differentiation in the species and its adaptation mechanisms. They will also provide useful information for developing efficient strategies for protection and use of S. breviflora resources.
MATERIAL AND METHODS

Study area and plant material collection
S. breviflora plants used in this study were sampled from 8 natural populations located in the area bounded by the following coordinates: 107.34-113.33° E, 39.24-42.48° N ( Figure  1 , Table 1 ). At each site, 20 individual plants were randomly selected, and their healthy leaves were harvested and stored with silica gel in resealable bags. All plant material was stored at -20°C before analyses. 
DNA isolation and RAPD analysis
Leaves harvested from 20 individuals at each site were pooled (equal weights), and the total genomic DNA was extracted using a plant genomic DNA kit (Beijing Tiangen Biotechnology Development Company, China) following manufacturer instructions. DNA concentration and quality were determined using an ultraviolet-visible spectrophotometer under 260 and 280 nm wavelengths and on 0.8% agarose gel. DNA was considered of good quality when the ratios of optical densities 260/280 and 260/230 were ≥1.8.
One hundred and two random decamer oligonucleotide primers (Shanghai Sangon Biological Engineering Technology & Services Company, China) were tested for PCR amplification with 3 aggregated samples, which resulted in the final selection of 28 primers for use in our experiment ( Table 2 ). The protocol for RAPD amplification described previously (Zhao et al., 2004a; Wang et al., 2006) was optimized for S. breviflora as follows. PCR was conducted in a volume of 25 μL containing 50 ng DNA, 1X reaction buffer, 1.5 mM MgCl 2 , 0.2 mM deoxyribonucleotide triphosphates, 0.4 μM primer, and 1 U Taq DNA polymerase. The PCR amplification was performed on a Biometra T1 Thermal Cycler (Beijing Huayue Enterprise Holdings Ltd., China) using the following cycling profile: initial 4-min denaturation at 94ºC followed by 40 cycles of 40 s at 94°C, 1 min at 37°C, and 1.5 min at 72°C, and a final extension of 10 min at 72°C. Amplification products were analyzed with electrophoresis on 1.5% agarose gels with DNA marker III (Beijing Tiangen Biotechnology Development Company) as a size standard. The gel was photographed under ultraviolet light after staining with ethidium bromide. The reproducibility and repeatability of the amplification profiles were tested for each primer. Only bands that were clear and consistently reproduced were selected and scored using the Quantity One 4.1.1 program (Bio-Rad Company, USA). RAPD scores were recorded as present (1) or absent (0), and a matrix of RAPD phenotypes was generated and used in the statistical analysis. 
Climate data
Ten climatic variables were generated for each site using the following regression models developed previously (Niu, 2001 S02  TGATCCCTGG  S46  ACCTGAACGG  S157  CTACTGCCGT  S446  CCACGGGAAG  S03  CATCCCCCTG  S52  CACCGTATCC  S318  GACTAGGTGG  S447  CAGCACTGAC  S19  ACCCCCGAAG  S126  GGGAATTCGG  S320  CCCAGCTAGA  S449  TCCCACGCAA  S27  GAAACGGGTG  S131  TTGGTACCCC  S441  GGCACGTAAG  S450  TCAGAGCGCC  S30  GTGATCGCAG  S133  GGCTGCAGAA  S442  ACGTAGCGTC  S453  GTCAGAGTCC  S32  TCGGCGATAG  S139  CCTCTAGACC  S443  CTGTTGCTAC  S458  CTCGCTATCC  S44 TCTGGTGAGG S148 TCACCACGGT S444 AAGTCCGCTC S460 ACACACGCTG Table 2 . The code and sequence of 28 primers used in this study.
where LAT, LNG, and ALT refer to latitude, longitude, and altitude, respectively. AMT0 and AMT10 are accumulated air temperatures of ≥0° and ≥10°C, respectively; CMT is the mean temperature of the coldest month (January) and WMT is the mean temperature of the hottest month (July); MT is the annual mean temperature; EVP is the annual mean evapotranspiration; P is the annual mean precipitation; P_SF is the mean precipitation in the summer-autumn; P_WS is the mean precipitation in the spring-winter, and FRZ_FD indicates the annual mean frost-free days.
Statistical analysis of RAPD markers
Pairwise genetic similarity between all populations was analyzed using a binary data format (1 as presence and 0 as absence). The unweighted pair group method with arithmetic mean cluster, which is based on Jaccard's similarity coefficient matrix, was computed using NTSYS-pc 2.01 (Rohlf, 1997) . Genetic distance was estimated by subtracting the similarity measure from 1, and geographic distance was extracted using GIS tools and location data collected with the global positioning system. The Mantel test (Mantel, 1967) was performed to evaluate the correlation between population genetic distances and geographic distances using NTSYS-pc 2.01 with 3000 permutations.
Correlation analysis
The relationships between the molecular markers obtained from 8 populations and 10 climatic factors were explored using the canonical correspondence analysis (CCA) implemented in CANOCO for Windows 4.5 (Ter Braak and Smilauer, 2002) . Additionally, Pearson's correlations were examined between the percentages of unique loci in 8 populations and all climatic factors using SPSS 11.0.
RESULTS
Robustness assessment of pooled RAPD assay
To assess the robustness of the method, we selected 20 individuals from population 1 and prepared their bulk DNA to test 15 randomly chosen primers (Figure 2) . As a result, a total of 162 bands were amplified for all 20 individuals. When the bulk was amplified, we obtained 152 bands (or 94.4% of the 162 bands obtained from individual amplifications). These 152 bands were represented by 2 types: high-exposure frequency bands (98.04%) and low-exposure frequency yet clear bands (1.96%). The no-template sample was used to account for cross-contamination of plant material. Because the amplification of the bulk DNA sample by the primers was highly representative of the 20 individuals in the population, bulk DNA samples were used for all of the populations under study.
RAPD polymorphisms and their correlations with geographic distribution
In total, 308 clear and repeatable bands ranging from 400 to 2000 bp long were amplified by 28 selected primers with an average of 11 bands per primer. One hundred and fifty bands, which constituted 49.03% of the total, were polymorphic. This percentage translated into an average of 5.4 polymorphic bands per primer.
Jaccard's similarity coefficients of genetic distances between populations were calculated and yielded values ranging from 0.316 to 0.582 (mean = 0.460). The unweighted pair group method with arithmetic mean dendrogram constructed using these coefficients showed that the 8 populations in this study formed 2 principal clusters corresponding to warm-temperate and moderate-temperate locations (Figure 3) . The warm-temperate cluster consisted of 2 subgroups: one occurring in the warm-temperate typical steppe and the other in the warmtemperate desert steppe. The moderate-temperate cluster also consisted of 2 subgroups that were further split into 2 subdivisions each. One subdivision was located in the moderatetemperate typical steppe and the other in the moderate-temperate desert steppe. Such patterns in clustering were highly consistent with the geographic distribution of populations. As Table  3 indicates, the Mantel test also suggested that genetic distance was significantly correlated with geographic distance (r = 0.534, P = 0.006 < 0.01, N = 3000 permutations). 
Influence of climatic factors on genetic differentiation of S. breviflora
CCA allows consideration of several environmental factors simultaneously (Ter Braak, 1988 ) and as such it was used for analyzing relationships between genetic diversity and environmental factors in eight populations of S. breviflora. We found strong correlations between RAPD bands and climatic factors (Table 4 ). The first 3 ordination axes explained 57.7% of the total variance in RAPD bands and 73.3% of the total variance in environmental factors. The MonteCarlo permutation test indicated that all canonical axes were significant (F = 1.474, P < 0.01, 199 permutations), further supporting the reliability of the CCA results. Climatic factors that correlated strongly with the first axis were AMT0, AMT10, CMT, WMT, MT, and FRZ_FD (Table 5) .
Climatic factor
Correlation coefficients **Significant at 0.01 levels. AMT0 and AMT10 = accumulated air temperatures of ≥0° and ≥10°C, respectively; CMT = mean temperature of the coldest month (January); WMT = mean temperature of the hottest month (July); MT = annual mean temperature; EVP = annual mean evapotranspiration; P = annual mean precipitation; P_SF = mean precipitation in the summer-autumn; P_WS = mean precipitation in the spring-winter; FRZ_FD = annual mean frost-free days. Figure 4A demonstrates that populations were clearly separated into 2 groups: the left (4-8) group and the right (1-3) group. The left group included populations from the moderatetemperate steppe and the right group included populations from the warm-temperate steppe. This separation confirms that the differences among populations were caused by temperature differences. Axis 3 illustrates the separation caused by the precipitation differences. The highest separation in climate variables was among P_WS, P_SF, P, and EVP (see Table 5 ), whereas the highest gradient was found between desert steppe (3 and 5) and typical steppe (1 and 6; Figure 4B ). The largest separation of climate variables along axis 2 was attributed to EVP, P_SF, and WMT (see Table 5 ), demonstrating the combined effects of temperature and precipitation.
Q. Zhang et al.
The total variances explained in the relationships between the bands and climatic factors were 29.4% for the first axis, 25.0% for the second axis, and 18.6% for the third axis. These proportions of explained variance were noticeably low, which was due to excessive noise produced by the presence/absence data (Ter Braak, 1988) . Temperature dominated the first axis, whereas a combination of temperature and precipitation dominated the second, and precipitation dominated the third. Therefore, we concluded that temperature variation was the primary climatic factor that determined genetic differentiation in S. breviflora.
Pearson's correlations between percentages of unique loci and climatic factors
We selected 45 unique loci, or 14.61%, from the total of 308 amplified bands obtained from 8 populations. Correlations between the percentage of unique loci and 10 climatic factors were analyzed using Pearson's correlation (Table 6 ). The results demonstrated that these variables were uncorrelated when all of the populations were considered. However, significant correlations were found for 6 climate variables (AMT10, AMT0, CMT, WMT, MT, and FRZ_FD) when only 6 populations were analyzed (populations 6 and 8 were omitted). 
DISCUSSION
Our study examined genetic diversity of S. breviflora populations and its relationships with climatic variables at 8 sites in Inner Mongolia using GIS and RAPD. We found that the genetic diversity of the species was high, correlation between genetic and geographical distances was highly significant, and genetic differentiation correlated strongly with temperature. We concluded that temperature variations play an important role in the genetic differentiations of S. breviflora. The methodology that we used has been applied in previous studies (Korol et al., 2007; Eschholz et al., 2008 ) and shown to be suitable for addressing relationships between genetic spatial variations and climatic factors.
The percentage of polymorphic loci of 8 populations of S. breviflora was 49.03%, which is lower than the 54.75% found for Stipa grandis (Zhao et al., 2004b) and 74.67% for S. krylovii (Zhao et al., 2004a) , which have been analyzed using the same methodology. Such differences are likely due to the highly positive correlation of sexual reproduction of Stipa with moisture levels. The rate of sexual reproduction of the plant has been demonstrated to increases with elevated moisture (Zhang et al., 2005) . Because S. breviflora tends to grow in drier habitats compared to those of S. grandis and S. krylovii, we believe that the level of sexual reproduction of S. breviflora is lower in the steppe and, hence, reduces genetic variation in the populations. Another factor is the increased anthropogenic stress imposed on the S. breviflora steppe (Sai, 2001) , which rapidly undergoes landscape fragmentation leading to diminished genetic flow for the species.
Percentages of unique loci across populations from the warm-temperate steppe were >2.50. They were approximately 2.00 for the moderate-temperate steppe when populations 6 and 8 of the moderate-temperate steppe were omitted from the analysis (see Figure 1 ; Table  7 ). No significant correlation between the percentage of unique loci of the 8 populations and 10 climatic factors was detected. However, when populations 6 and 8 were not considered, we found that correlations with AMT10, AMT0, CMT, WMT, MT, and FRZ_FD were significant (see Table 6 ). These climatic factors describe thermal characteristics of the landscape, so apparently variations in unique loci are directly related to temperature. Table 7 . Percentage of unique loci across 8 populations.
Populations 6 and 8 constituted plant communities in which Allium polyrhizum is also found. A symbiotic relationship between S. breviflora and A. polyrhizum has been discovered in which their roots benefit each other in the process of resource acquisition (Zhu, 2003) . Therefore, determining whether this relationship is responsible for the substantially high percentage of unique loci in populations 6 and 8 will be important. Additional availability of nutrients facilitates the reproductive process of species from infertile habitats (Chapin, 1980) . We speculate that richer mineral or organic nutrient uptake in these 2 populations improves their sexual reproduction, and thus may result in higher genetic diversity in the populations.
Four mechanisms of population genetic differentiation have been suggested : 1) genetic flow that includes primarily the dispersal of seed and pollen; 2) natural selection; 3) genetic mutation, which is believed to be a minor mechanism, and 4) genetic drift. Our results from the Mantel test support a considerable genetic flow among S. breviflora populations. We hypothesize that successful anemophily of S. breviflora is the mechanism responsible for this flow. We believe that genetic drift is not the important mechanism of genetic differentiation of S. breviflora because our CCA results revealed significant correlations between genetic differentiation and thermal factors. Previous research, however, suggests that the absence of strong correlations between these variables is evidence that genetic drift is the primary factor of genetic differentiation (Volis et al., 2001 ).
In conclusion, our study found that genetic differentiation of S. breviflora occurs primarily as the result of natural selection in response to temperature spatial variations, whereas genetic flow plays a secondary important role. Similar conclusions have been reached in other studies (Volis et al., 2001; Hall, 2006; Zhao et al., 2006; Eveno et al., 2008) . Our findings provide further evidence that climate factors have a direct impact on genetic changes in plant species.
